Natural killer (NK)-like cells have been implicated as an important component of the endometrial ymphoid cell population and have been suggested to play roles in resistance to viral infection, in abortion, and in fetal growth. Inhibition of endometrial NK cell activity may be an important aspect of successful pregnancy because of the potential for actions directed against the conceptus. The aim of the study reported here was to test the hypothesis that the uterine milk proteins (UTM-proteins) inhibit activity of NK cells. Physiological concentrations of enriched preparations of UTM-proteins, which are a pair of related proteins that represent the major lymphocyte-inhibitory molecules in uterine fluid of pregnant and progesterone-treated ewes, were found to inhibit cytotoxic activity of cultured sheep and mouse NK cells. Furthermore, injection of the proteins into mice reduced activity of basal and poly(l)-poly(C)-induced NK activity in spleen and prevented a slight increase in fetal loss caused by injection of poly(l)-poly(C). These results further implicate the UTM-proteins as important regulators of uterine immune function.
INTRODUCTION
Natural killer (NK) cells are an important component of the natural immune system involved in immune surveillance against infectious diseases and autologous and allogeneic tumors [1] . Cells with characteristics of NK cells have been identified in the endometrium of mice [2] , humans [3] , and pigs [4] . Of these, the granulated metrial gland (GMG) cell of the mouse uterus and large granular lymphocyte of the human endometrium have been studied most extensively. Both cells exhibit cytotoxic activity, surface markers, cytotoxins, and proteases characteristic of NK cells [2, [5] [6] [7] [8] .
To date, NK cells have not been identified in the sheep endometrium, but the major lymphocyte subpopulation in the endometrium is a CD45R + large granulated cell that has morphological properties similar to NK cells [9] . The functions of endometrial NK-like cells are unclear. It has been suggested that the cells could play an antiviral role or act as a source of cytokines to stimulate placental growth [7, 10] . Large granulated lymphocytes in the mouse metrial gland and human endometrium contain perforin and possess cytotoxic activity towards trophoblast in vivo and in vitro [5, 7, 10, 11] . While the effect of polynucleotides on uterine NK-like cells is not known, activation of NK cells by polynucleotides can cause abortion in pregnant mice [12] . It has been reported that peripheral blood lymphocytes from women with threatened pregnancies have significantly higher cytotoxic activity than those in women with normal pregnancies [13] .
One potential regulator of endometrial NK cell activity is progesterone. Administration of RU486, a potent proges-terone antagonist, augments NK cell activity in pregnant women [14] . In sheep, treatment of ovariectomized ewes with progesterone prolongs the survival of skin grafts in the uterine lumen [15] , reduces the number of CD45R + lymphocytes in the uterus [16] , and induces the appearance of lymphocyte-inhibitory molecules in uterine secretions [17, 18] . The most abundant molecules exerting lymphocyte inhibitory activity in uterine fluid are the uterine milk proteins (UTM-proteins), which are a pair of related glycoproteins that comprise the major proteins in uterine fluid of progesterone-treated and pregnant ewes [17, [19] [20] [21] . The two proteins, having similar pI but slightly different molecular weights of 57 000 and 55 000 [19] , are members of the serpin superfamily of serine protease inhibitors [22] and are synthesized by epithelial cells of the uterine endometrium under influence of progesterone [20] . The UTM-proteins interfere with activation of sheep lymphocytes induced by mitogen and mixed lymphocyte culture in vitro [23] [24] [25] . Moreover, uterine fluid from progesterone-treated ewes suppresses [ 3 H]thymidine incorporation into mitogenactivated mouse spleen cells and inhibits T cell-dependent antibody production in vitro [26] . These studies suggest that UTM-proteins play an important role in regulating immune responses in the uterus during pregnancy.
The inhibition of endometrial NK cell activity may be an important aspect of successful pregnancy because of the potential for actions directed against the conceptus. The aim of the present study was to test the hypothesis that UTMproteins inhibit activity of NK cells. Specific objectives were to determine the effect of UTM-proteins on activity of sheep NK cells in vitro, to establish the mouse as a model for study of effects of UTM-proteins on NK cell activity by testing the effect of the proteins on murine NK cells in vitro and poly(I)-poly(C) activation of NK cells in vivo, and to evaluate whether UTM-proteins can reduce NK cell-mediated fetal loss.
MATERIALS AND METHODS

Materials
RPMI-1640 medium, Dulbecco's Modified Eagle's Medium, Dulbecco's PBS (DPBS), Histopaque-1077, penicillin, streptomycin, L-glutamine, trypan blue dye, ovine serum albumin (OSA), and ovalbumin (OVA) were from Sigma (St. Louis, MO). For use in lymphocyte culture, RPMI-1640 was modified by addition of 100 IU/ml penicillin, 100 jig/ml streptomycin, 2 mM supplemental L-glutamine, and 10% (v/ v) heat-inactivated bovine calf serum (Hyclone, Logan, UT). This medium is referred to as complete modified RPMI-1640 medium, whereas the medium without serum is referred as to incomplete modified medium. Sodium Chromium-51 (sodium chromate in aqueous solution, 1 mCi/ ml) and poly(I)poly(C) were from Boehringer-Mannheim (Indianapolis, IN). Bicinchonic acid (BCA) was from Pierce (Rockford, IL). The human chronic myelogenous leukemia cell line, K562, was obtained from Dr. Fuller W. Bazer of the Department of Animal Science, Texas A&M University, and the YAC-1 mouse lymphoma cell line was from American Type Culture Collection (ATCC, Rockville, MD). Sephacryl S-200 HR and CM-Sepharose were from Pharmacia Fine Chemicals (Piscataway, NJ). Immersible CX ultrafiltration devices were from Millipore (Bedford, MA).
Animals
Healthy adult ewes, primarily of the Rambouillet breed, were used as blood donors and for collection of uterine fluid. Outbred mice of the ICR strain (35-42 days old) were from Charles River Laboratory (Wilmington, MA), and female C3H/HeJ mice (42-56 days old) were from Jackson Laboratory (Bar Harbor, ME).
Preparation of UTM-Proteins
Uterine fluid was collected from the ligated horn of two unilaterally pregnant ewes at Day 136 or 139 of pregnancy as described [27] . Fluids were pooled together, centrifuged to remove precipitate (14 476 x g for 30 min at 4 0 C), dialyzed (Mr cutoff = 6000-8000) against 10 mM Tris-HCl (pH 8.2), and centrifuged at 14476 x g for another 30 min. Uterine fluid was loaded onto a column of CM-Sepharose (15 cm x 2.5 cm) pre-equilibrated in 10 mM Tris-HCl (pH 8.2). After the column was washed in the same buffer, proteins binding to the column were eluted with 10 mM Tris-HCI (pH 8.2) containing 0.5 M NaCl. The basic protein fraction was concentrated with Millipore ultrafiltration devices and then further purified by gel filtration with use of a 94.4 x 1.5-cm column of Sephacryl S-200 HR and 10 mM Tris-HCI (pH 8.2) containing 0.33 M NaCl as the eluent. Purification of the proteins was confirmed by SDS-PAGE. Typically, the purity was 90-95%, with major impurities being lower molecular-weight bands previously identified as breakdown products of UTM-proteins [28] . Purified UTMproteins were dialyzed three times against DBPS, and protein concentration was determined by the Lowry assay [29] or BCA assay [30] , with BSA used as standard. Finally, the proteins were sterilized by means of a 0.22-jim filter and stored at -20°C in aliquots.
Preparation of Sheep Effector Cells
Peripheral blood lymphocytes were prepared from heparinized jugular blood of Rambouillet ewes by means of density gradient centrifugation on Histopaque-1077. Briefly, the buffy coat layer of heparinized blood was placed on the top of an equal volume of Histopaque-1077 and centrifuged for 30 min at 400 x g. The cell layer at the interface was removed, washed twice with incomplete modified RPMI-1640, and resuspended to 1 x 10 7 cells/ml in complete modified RPMI-1640. The cell suspension was placed in a 100 x 15-mm petri dish and incubated for 3 h at 37°C in 5% CO 2 . The nonadherent cells were collected, washed twice in complete medium, adjusted to 1 x 10 7 live effector cells/ ml, and then incubated with UTM-proteins or OVA for cell lysis studies.
Preparation of Murine Splenocytes
The spleen was removed when the animals were killed, and placed in a 100 x 20-mm tissue culture dish containing 10 ml of incomplete modified RPMI-1640. After the spleen was trimmed, splenocytes were washed from the spleen by repeated injections of incomplete modified RPMI-1640. The cells were washed twice in incomplete modified RPMI-1640 and adjusted to 2.5 x 107 cells/ml. Aliquots (2 ml) of cell suspension were placed on the top of an equal volume of Histopaque 1077 in a 17 x 100-mm culture tube and centrifuged at 400 x g for 30 min. Cells at the interface were collected, washed twice in modified RPMI-1640, resuspended to 1 x 107 live cells/ml in complete modified medium, and cultured for 1 h at 37°C and 5% CO 2 in a 100 x 15-mm petri dish. The cell suspension containing nonadherent cells was collected, centrifuged at 400 x g for 10 min to remove supernatant, and resuspended in complete modified medium to a concentration of 5 x 106 live effector cells/mi.
Labeling Target Cells
K562 and YAC-1 cell lines were continuously cultured in 10 ml complete modified RPMI-1640 in 25-cm 2 flasks at 37°C and 5% CO 2 . The cells were subcultured twice weekly. Before labeling, cells were collected by centrifugation (300 x g for 10 min), washed three times in modified RMPI-1640, incubated with trypan blue dye to determine cell viability, and resuspended to a concentration of 1 x 106 live cells/ ml. For labeling, 1 ml of the cell suspension was centrifuged at 300 x g for 10 min, 0.9 ml of supernatant was removed from the tube, 100 Rtl of Na 2 51 CrO 4 (1 mCi/ml) was added, and the tube was gently shaken. The cells were incubated at 37°C and 5% CO 2 for 90 min, washed three times in incomplete modified RPMI-1640, and then resuspended in 10 ml complete modified medium for the cytotoxicity assay.
Cytotoxicity Assay
The 5 1 Cr-release assay was performed in 96-well V-shaped microplates (Dynatech Laboratory, Inc., Chantilly, VA) in a final volume of 0.2 ml per well. Each well contained 1 x 10 4 labeled target cells and effector cells added in amounts to achieve effector:target cell ratios of 100:1, 50:1, and 25:1 in the sheep assay and 50:1, 25:1, and 12.5:1 in the mouse assay. After cells were added, plates were centrifuged at 150 x g for 5 min and then incubated at 37°C and 5% CO 2 for 4 h (mice) or 20 h (sheep). For the analysis of cytotoxicity, plates were again centrifuged at 300 x g for 10 min; 100
.ld of each supernatant was collected and counted for radioactivity in a gamma scintillation counter. All assays were prepared in triplicate, and results were expressed as percentage of specific release with use of the formula: % specific release = (sample dpm-spontaneous dpm)/(maximum dpm-spontaneous dpm). Spontaneous release refers to the radioactivity in 100 Ipl of culture supernatant from culture containing 1 x 10 4 labeled target cells in 200 l medium. Maximum release refers to the radioactivity in 100 Id of supernatant from a mixture of 100 l1 Triton X-100 and 100 pl medium containing 1 x 10 4 labeled target cells.
Effect of UTM-Proteins on NK Cell Activity In Sheep
Sheep nonadherent lymphocytes (effector cells) were incubated in triplicate at 1 x 10 7 live effector cells/ml with DPBS control, UTM-proteins (0.5 and 1.0 mg/ml), or OVA (1 mg/ml) for 20 h at 37°C and 5% CO 2 . After cells were washed three times in complete modified RPMI-1640, cell viability was examined by trypan blue dye exclusion, and cell concentration was adjusted to 1 x 10 7 live cells/ml in complete modified RPMI-1640. The cytotoxicity assay was performed by use of K562 target cells with an effector:target cell ratio of 100:1, 50:1, and 25:1 and a 20-h lysis time. Assays were replicated three times with lymphocytes from three separate donors.
Effect of UTM-Proteins on Activity of Murine NK Cells
Murine splenocytes were incubated in triplicate at 1 x 107 cells/ml with UTM-proteins (final concentrations = 0, 0.1, 0.5, and 1 mg/ml) or OSA (1 mg/ml) for 4 h at 37°C and 5% CO 2 . After incubation, cells were washed three times in complete modified RPMI-1640, cell viability was examined by trypan blue dye, and cell concentration was adjusted to 5 x 106 live cells/ml for a 4-h 51 Cr release assay with YAC-1 cells used as targets.
Effect of UTM-Proteins on NK Cell Activation Induced by Poly(l)-Poly(C)
The design was a 2 x 2 factorial with main effects of poly(I).poly(C) (20 RIg or DPBS vehicle) and protein treatment (UTM-proteins or DPBS vehicle). Additionally, a fifth group was used that received OSA (control protein) without poly(I)-poly(C). The dose of poly(I)-poly(C) was chosen because this amount was able to increase fetal loss in mice [12] . Female mice of the ICR outbred strain (35-47 days old) were used (3-4 mice per group). On the morning of Day 0, mice received i.p. injections of 1.2 ml of DPBS containing appropriate treatments (0 or 20 jIg poly(I)-poly(C), no protein, 3 mg UTM-proteins, or 3 mg OSA). Another injection of 1.0 ml DPBS, 3 mg UTM-proteins in 1 ml DPBS, or 3 mg OSA in 1 ml DPBS was given on the afternoon of Day 0. On Day 2, all mice were killed, and spleens were removed. Nonadherent splenocytes were prepared according to previously described procedures and used to determine NK activity with YAC-1 target cells in a 4-h 5 1 Cr release assay.
Effect of UTM-Proteins on Embryonic Degeneration Induced by Poly(l)Poly(C)
The experimental design was a 2 x 3 factorial with main effects of poly(I)poly(C) (20 Rg or DPBS vehicle) and protein treatment (UTM-proteins, OSA, or DPBS vehicle). Females of the ICR outbred strain (35-47 days old) were mated to ICR outbred strain males; the day a vaginal plug was found was designated Day 0 of gestation. Bred females were assigned randomly to six treatments of 5-10 mice per treatment. At Day 3 or 4 of pregnancy, two consecutive i.p. injections were administered 24 h apart. The first injection was 1 ml UTM-proteins (3 mg), OSA (3 mg), or DPBS vehicle, and for some groups, 20 RIg poly(I)poly(C). On the following day, a second injection of 1 ml UTM-proteins (3 mg), OSA (3 mg), or DPBS vehicle was administered. On Day 13 or 14 of pregnancy, mice were killed, and living fetuses, early degenerative conceptuses, and late degenerative/stunted fetuses were counted. Early degeneration was characterized by an implantation site without a visible embryo. A fetus was considered a late degenerative/stunted fetus if its weight was very small compared to that of normal litter mates or if obvious morphological signs of mummification or degeneration were present.
Statistical Analysis
All data were analyzed by least squares analysis of variance according to the General Models Program of the Statistical Analysis System [31] . Data concerning effects of UTMproteins on sheep NK cell activity were analyzed with a model including main effects of donor, effector:target cell ratio, and treatments. For analysis of inhibition of murine NK cell activity by UTM-proteins, data were analyzed by means of a model that included main effects of donor, concentration of UTM-proteins, and effector:target cell ratio. A second analysis was performed to evaluate the effect of OSA. To determine the effect of UTM-proteins on poly(I)-poly(C)-induced NK activity, data were analyzed with main effects of treatment and effector:target cell ratio. Additionally, data were analyzed as a 2 x 2 factorial design after the OSA group was removed. The statistical model included main effects of poly(I)poly(C), protein treatment, and effector:target cell ratio. Effects of UTM-proteins on poly(I)-poly(C)-induced abortion were analyzed according to a similar model. For all statistical analyses, donor was considered a random effect, and other main effects were considered fixed. Additionally, mathematical models for statistical analysis were constructed to include all interactions. When appropriate, preplanned orthogonal contrasts were used to partition treatment effects.
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Inhibition of NK activity of nonadherent murine splenocytes by 4-h preincubation with UTM-proteins. The cytotoxicity of NK cells against YAC-1 cells was determined in a 4-h "5Cr release assay. Lysis (expressed as percentage of maximum release) was affected by concentration of UTMproteins (p < 0.01), effector cell:target cell ratio (p < 0.01), and the ratio x concentration interaction (p < 0.05). OSA had no effect on lysis, but there was a ratio x OSA interaction (p < 0.07).
fector:target ratio only (ratio x treatment; p < 0.03), but to a lesser degree than for 1 mg/ml UTM-proteins.
Incubation of nonadherent mouse splenocytes with UTMproteins also had no significant effect on their viability. Viability at the end of a 4-h incubation was 95 0% for control cells; 95 0% for cells cultured with OSA; and 92 4%, 87 2%, and 86 2% for cells cultured with 0.1, 0.5, and 1.0 mg/ml UTM-proteins, respectively (mean between-animal SEM). At all effector:target ratios tested, UTMproteins reduced (p < 0.01) ability of NK cells to lyse target cells (Fig. 2) . For example, at a ratio of 50:1, the per-
RESULTS
Effect of UTM-Proteins on NK Cell Activity in Sheep and Mice
Preincubation of nonadherent sheep mononuclear cells for 20 h did not reduce their viability, which averaged 94 + 1% (mean between animal SEM) for cells cultured with vehicle, 95 0% for cells cultured with 1 mg/ml OVA, 93 1% for cells incubated with 0.5 mg/ml UTM-proteins, and 93 2% for cells cultured with 1 mg/ml UTM-proteins. Preincubation with both concentrations of UTM-proteins did, however, significantly reduce ability of the cells to lyse 5 1 Cr-labeled K562 target cells (Fig. 1) . Preincubation with 1 mg/ml OVA tended to reduce lysis at the 100:1 ef- bLysis was affected by ratio (p < 0.001) and treatment (p < 0.001). When data were analyzed as a factorial experiment after excluding the OSA treatment, lysis was affected by ratio (p < 0.001), poly(l)-poly(C) (P < 0.001) and treatment (p < 0.01). centage of lysis of target cells by control NK cells was 23% injection of (least-squares mean) vs. 13.7, 6.6, and 1.0% for cells culocyte NK ce tured with 0.1, 0.5, and 1.0 mg/ml UTM-proteins, respeclatory effect tively. Incubation with OSA did not affect NK cell activity.
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Results are shown in Table 2 . Injection of poly(I)-poly(C) populat teons increased the percentage of fetuses undergoing late degensynthesis of eration/stunting (p < 0.05). There was also a nonsignifiothe speci cant tendency for poly(I)-poly(C) to increase the percentactivity in u age of fetuses undergoing early degeneration. Injection of endometriu UTM-proteins reduced the effect of poly(I)-poly(C) on perproteins ha centage of early (not significant), late (p = 0.09), and total and it is p( degenerations (p = 0.06). For example, injection of noregulatoi poly(I)-poly(C) increased the percentage of fetuses gesteronei undergoing early degeneration in vehicle-treated mice from suppresses 4.5 to 7.1% and the percentage undergoing late degenerThe fact ation from 0.0 to 5.0%. However, when mice received UTMthat ovine proteins, there was no increase in the percentage of fetuses eration in v undergoing early ( UTM-proteins into mice inhibited basal splen-11 activity in vivo. While not preventing stimus of poly(I)poly(C) on splenocyte cytotoxic acctivity remained lower for UTM-protein-treated oly(I).poly(C) treatment. The inhibitory effects :eins in vivo reflect either inhibition of NK cell r alteration of movement of NK cells through The former explanation is more likely because ral NK cells enter the spleen [32] . UTM-proteins d fetal loss induced by poly(I)poly(C). These ide good evidence that UTM-proteins can supytolytic activity of NK cells and, together with ings that UTM-proteins can block proliferation )cytes [23] [24] [25] , suggest that the proteins may be egulators of immune cells during pregnancy. feasible that the UTM-proteins are responsible nig effects of progesterone on intrauterine skin il [15] and changes in endometrial lymphocyte [16] . The concept that progesterone can regle immune function indirectly by inducing the endometrial proteins is likely to be relevant for es. Progesterone induces lymphocyte-inhibitory terine fluid of cows [33] and explants of human .m [34] . Additionally, proteins similar to UTMve been found in the cow [20, 21] and pig [35] , ssible that these proteins may also be immuy during pregnancy. Placental protein 14, a proiduced protein of the human endometrium, also NK cell activity [36] . that UTM-proteins inhibit murine NK cells and terine fluid inhibits murine lymphocyte prolifvitro [26] indicates that there is a degree of simeen sheep and mice in regulation of immune Accordingly, the murine system can provide a [el for evaluating effects of UTM-proteins on im-:tion, especially for in vivo studies, because f UTM-proteins required are greatly reduced as to those required for comparable studies in the ionally, optimum conditions for ovine NK cells UTERINE MILK PROTEINS INHIBIT NK CELL ACTMTY have not been established: the low degree of lysis of K562 cells by NK cells from Rambouillet sheep in the present study was similar to that for effector cells from this breed of sheep in another study [37] . In contrast to results with sheep lymphocytes, murine NK cells are highly active, perhaps because target cells for this species have been better described for this species or because cells survive purification better than for the sheep. Perhaps killing of target cells in the sheep system was caused by cells distinct from classical NK cell lineages in other species.
In mice, infiltration of NK cells into the decidua was associated with spontaneous abortion [38] , and therefore activation of NK-like cells during pregnancy may lead to destruction of the placenta. Kinsky et al. [12] found that injection of poly(I)-poly(C) and poly(I)-poly(C12U) increased embryonic loss through activation of NK cells. It is likely, therefore, that UTM-proteins reduced the effectiveness of poly(I)-poly(C) in causing abortion either because it blocked NK cell activity (of intrauterine or extrauterine origin) or GMG cells, or because UTM-proteins prevented the effects of poly(I)-poly(C) on release of interferon [39, 40] .
UTM-proteins are members of the serine protease inhibitor serpin family [22] . Interestingly, UTM-proteins, which do not inhibit trypsin [19] , share two properties with the serpin oli-antitrypsin: binding to IgA [41, 42] and inhibition of NK cell and T cell function [43, 44] . It has been shown that dipeptidyl protease IV, a serine protease, is involved in the activation and function of T cells [45] , and proteases play an important role in the NK cell-mediated cytolysis of target cells [46] . Therefore, it is possible that UTM-proteins regulate lymphocyte activity through interference of proteases required for lymphocyte function. Some members of the serpin superfamily also function as binding proteins for small, poorly water-soluble molecules [47] , and it remains possible that inhibitory activity associated with UTMproteins is actually due to an associated ligand for the proteins. Lymphocyte-inhibitory activity in uterine fluid from pregnant ewes was not associated with a lipid-soluble fraction and could be reduced by protease treatment [48] . It remains likely, therefore, that UTM-proteins were responsible for the inhibition of NK cell activity seen in the present studies. These findings strengthen the idea that these proteins play an important role in modulating function of endometrial lymphocytes during pregnancy so as to affect the survival of the conceptus.
